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SrTiO3 is a promising n-type oxide semiconductor for thermoelectric energy conversion. Epitaxial
thin films of SrTiO3 doped with both La and oxygen vacancies have been synthesized by pulsed
laser deposition (PLD). The thermoelectric and galvanomagnetic properties of these films have been
characterized at temperatures ranging from 300 K to 900 K and are typical of a doped semiconductor.
Thermopower values of double-doped films are comparable to previous studies of La doped single
crystals at similar carrier concentrations. The highest thermoelectric figure of merit (ZT ) was
measured to be 0.28 at 873 K at a carrier concentration of 2.5× 1021 cm−3.
PACS numbers: 84.60.Rb,72.20.Pa, 72.20.My
I. INTRODUCTION
Thermoelectric phenomena deal with direct inter-
conversion of heat flow and electrical power. Despite
several attractive features of thermoelectric energy con-
version, the low thermodynamic efficiency of thermoelec-
tric materials limit their use to niche applications. The
efficiency of these materials is directly related to the ther-
moelectric figure-of-merit, Z, given by S2σ/κ, where S is
the thermopower or Seebeck coefficient, σ and κ are the
electrical and thermal conductivity, respectively. Typ-
ically, obtaining a high figure-of-merit is a challenging
task due to the coupling between the these parameters.1
Much research has been devoted to discovering new mate-
rials with higher efficiencies.2 Even though conventional
semiconductors and intermetallics cater to a wide range
of high figure-of-merit materials, the physics of thermo-
electric transport in these materials is fairly well under-
stood. On the other hand, transition metal oxides of-
fer an alternative and interesting platform to study the
physics of thermoelectricity, due to the d-band nature of
the charge carriers and possibility of strong correlations.
Two of the model systems for such oxides have been
strontium titanate (SrTiO3, STO)
3 and sodium cobal-
tate (NaxCoO2).
4
STO is one of the best n-type thermoelectric oxides
known to-date. It is a large band gap perovskite oxide
and can be easily doped on both the A and B cationic
sites or with oxygen vacancies to produce n-type carri-
ers. The large orbital degeneracy of the Ti–d conduction
band in STO results in power factor comparable to state-
of-the-art thermoelectric materials. The presence of the
octahedral field of oxygen ions around the Ti splits the
five fold degenerate d–bands into t2g and eg bands. Un-
like other dopants like La and Nb (no changes in lat-
tice constants), incorporating oxygen vacancies in STO
causes, both theoretically predicted5 and experimentally
observed,6 tetragonal distortion. Such a strain can al-
ter both the position and degeneracies of the t2g and eg
bands. In the film form, due to epitaxial strain, we can
control the overall direction of this tetragonal distortion
(out of plane). Hence, creating varying amounts of oxy-
gen vacancies and La in epitaxial STO films can lead to
filling controlled band engineering. The thermoelectric
properties of STO have been studied in single crystals,3,7
polycrystalline ceramics8,9 and thin film forms10 in the
past. In the bulk single crystal or ceramic form, most
investigations have employed only one kind of dopant on
the A-site (e.g., La doping on Sr sites) or B-site (e.g.,
Nb doping on Ti sites) or oxygen vacancies; one notable
exception is Liu et al.,8 who employed forming gas treat-
ment on La doped STO ceramic samples to introduce
oxygen vacancies. The introduction of oxygen vacancies
in addition to cationic dopants is hard to accomplish in
the bulk form. Conventionally, introduction of oxygen
vacancies in the bulk form has been achieved by reduc-
tion treatments using vacuum or reducing gases. Such
treatments do not generally create a uniform distribution
of oxygen vacancies. Using epitaxial thin film growth, it
is possible to introduce oxygen vacancies with ease and
in a controllable manner. In our particular case, we em-
ploy pulsed laser deposition (PLD) to independently con-
trol the number of La and oxygen vacancies as dopants
by changing the La doping in the target and the partial
pressure of oxygen during growth. Even though we have
not been able to determine the quantitative dependence
of oxygen vacancy density on growth pressure, oxygen
partial pressure during growth is qualitatively correlated
with oxygen vacancy concentration. The terms oxygen
partial pressure during growth and oxygen vacancy con-
centration shall be used interchangeably throughout the
manuscript.
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2The measurement of thermoelectric transport proper-
ties on thin films present several challenges, particularly
at high temperatures. Often, there is a very limited
choice of substrates for the growth of epitaxial films due
to stringent requirements such as low lattice mismatch,
stability under high temperatures and high vacuum. In
this case, the substrates need to remain electrically insu-
lating, during the growth and measurements, to ensure
easy and direct measurement of film’s electrical proper-
ties without any contribution from the substrate.11 Fur-
thermore, there are only a handful of techniques12,13 to
measure thermal conductivity of epitaxial thin films reli-
ably without removing the film from the substrate. Such
issues make thermoelectric measurements on thin films
difficult, particulary at high temperatures.
In this article, we report measurements of all the
three thermoelectric parameters on epitaxial thin films
of SrTiO3, doped with La and oxygen vacancies, in the
temperature range 300 < T < 900 K. We also report the
galvanomagnetic properties such as carrier concentration
and Hall mobility and compare the data with existing
literature.
II. EXPERIMENTAL METHODS
Thin films of Sr1−xLaxTiO3−δ (150 nm thick) were
grown by PLD from dense, polycrystalline ceramic STO
targets each containing 0, 2, 5, 10 or 15 atomic % of La
substituted for Sr. We chose to grow the films on LSAT
(001) substrates ((LaAlO3)0.3-(Sr2AlTaO6)0.7), due to
the close lattice matching with STO (aSTO = 3.905 A˚ and
pseudocubic aLSAT = 3.87 A˚) and electrically insulat-
ing nature under high temperatures and high vacuum.
The substrate had dimensions of 5 mm x 5 mm x 0.5
mm. The growth of the films was carried out at 850◦C
in an oxygen partial pressures ranging from 10−1–10−8
Torr using a 248 nm KrF excimer laser with a fluence of
1.5 J/cm2 at a repetition rate of 2–8 Hz. The temper-
ature of 850◦C is measured on the heater; the substrate
temperature during growth is lower. X-ray diffraction
(XRD) was carried out on these films with a Panalytical
X’Pert Pro thin film diffractometer using Cu Kα radi-
ation. Thicknesses of the films were determined using
X-ray reflectivity, Rutherford backscattering spectrome-
try (RBS) and/or in-situ reflection high energy electron
diffraction (RHEED). The stoichiometry and chemical
composition of the films were characterized using RBS.
All transport measurements were carried out in the
van der Pauw geometry. Triangular metal contacts of
side 1 mm (15 nm Ti/100 nm Pd) were deposited on
the corners of the films using electron beam evapora-
tion. Galvanomagnetic measurements were carried out
in air using a home-built apparatus. The apparatus is
equipped to measure properties over 300 - 900 K using
a 1 Tesla electromagnet. Thermoelectric measurements
were performed in an evacuated appartus maintained at
10−4–10−5 Torr. Thermopower measurements were per-
FIG. 1. The out-of-plane XRD patterns for films grown with
different La doping at 10−8 Torr. Each curve is labeled by
the La doping level. The inset shows a comparison of the
(002) rocking curves of the substrate and a film with 5% La
doping grown at 10−8 Torr. The rocking curve FWHM for
the substrate and the film are 0.016◦ and 0.036◦.
formed using K-type thermocouples. Before the mea-
surements, the thermocouples were thermally anchored
to the corners of the sample on the metal contacts using
silver paint. Temperature differences across the sample,
with a step of 2 K and a maximum value of 6 K (both
positive and negative), were used to extract the ther-
mopower values. The alumel leads were used to measure
the thermoelectric voltage generated across the sample
due to the applied temperature gradient. The slope of
the thermoelectric voltage against the temperature dif-
ference was corrected with the known thermopower val-
ues of alumel14 at a given average temperature to obtain
the thermopower of our samples. Thermal conductivity
measurements were performed by time domain thermore-
flectance technique (TDTR).13 All pressures referred in
the manuscript are oxygen partial pressures unless speci-
fied otherwise. In all the cases above, the transport mea-
surements showed little or no hysteresis on cycling the
samples several times, either in air or vacuum. This sug-
gests that the oxygen vacancies are kinetically stable in
the temperature range and time scales at which the mea-
surements were carried out.
III. RESULTS AND DISCUSSION
A. Structural and chemical characterizations
The structural properties of the films were character-
ized using x-ray diffraction (XRD). All the films were sin-
gle phase, without any trace of secondary phases. Rep-
resentative XRD patterns for the (00l) planes of films
3grown at 10−8 Torr with various La doping are shown in
Fig. 1. The patterns show that there is a clear increase
in the c-axis lattice parameter with increasing La con-
centration. A similar effect was observed for increasing
oxygen vacancy concentration (decreasing growth pres-
sure) for a fixed La concentration. There are several pos-
sible reasons for the increase in c-axis lattice constant
in STO, such as non-stoichiometry15, theoretically pre-
dicted tetragonal distortion caused by the presence of
oxygen vacancies/vacancy clusters,5,16 filling of the car-
riers in the conduction band,17 and to a lesser extent, in-
plane bi-axial strain caused by the substrate (films strain
relax partially or completely at thicknesses ∼ 150 nm).
In the bulk crystal form, the lattice constants increase
isotropically by less than 0.1% for upto 20% La doping
and retains the cubic structure18. This suggests that the
lattice expansion observed in our case should be a combi-
nation of one or more of the above mentioned reasons (we
observed partial strain relaxation in the in-plane lattice
parameters for all films). The inset shows the compar-
ison of the rocking curve for the substrate and the film
with 5% La doping grown at 10−8 Torr. The FWHM for
the rocking curve of film peak was 0.036◦ as compared
to the substrate with 0.016◦. RBS measurements con-
firmed the chemical composition and homogeneity of the
films within the limits of experimental errors. RBS chan-
neling experiments (data not shown) established good
crystallinity of the films, corroborating the XRD rocking
curve data.
B. Thermoelectric properties
We discuss the thermoelectric properties of the samples
grown at 10−8 Torr, whose structural properties were dis-
cussed earlier. The thermoelectric properties of the films
grown at 10−8 Torr with various La doping are shown
in Fig. 2. The conductivity of the films decreased with
increasing temperature, characteristic of a heavily doped
semiconductor. The electrical conductivity also increased
with an increasing La doping concentration. The ther-
mopower values for the 0% La doping sample shows a
non-linear temperature dependence with a maximum at
500 – 600 K. Interestingly, the thermal band gap cal-
culated using the relation Eg = 2eSmaxTmax
19 for this
case is about 0.3 eV. Several theoretical predictions5,16
and experimental observations20,21 have established that
the introduction of oxygen vacancies can create a defect
band 0.3 eV below the conduction band of STO. It is
possible that we are observing the gap between the oxy-
gen vacancy defect band and the conduction band for this
sample. For finite La doping, thermopower shows a lin-
ear increase with temperature, similar to the observation
of Muta et al.22 Even though we observe a linear temper-
ature dependence of thermopower, it is hard to extract
useful information on Fermi energy, as the doping regime
is in a transition from non-degenerate to degenerate for
these carrier concentrations. This transition will be later
FIG. 2. The thermoelectric properties, namely (a) electri-
cal conductivity, (b) thermopower and (c) thermal conduc-
tivity, are shown for films grown with different La doping (0,
5, 10 and 15 %) at 10−8 Torr. Electrical conductivity for all
samples decreased with increasing temperature and the ther-
mopower data was fit by a linear temperature depedance for
a finite La doping.
discussed based on the galvanomagnetic properties.
The thermal conductivity values for all the samples
decreases from ∼ 4–5 W/mK at 300 K to ∼ 3 W/mK
at 873 K. The measured room temperature thermal con-
ductivity is a factor of 2–3 lower than the reported sin-
gle crystalline thermal conducitivity,10 possibly due to
large number of defects in the film and so, close to room
temperature the thermal transport is dominated by de-
fects. The thermal conductivity values at 800–900 K are
similar to the single crystalline values, suggesting that
the dominant scattering process is possibly not due to
defects but due to Umklapp scattering as observed in
single crystals. All thermal conductivity measurements
reported here are for the cross-plane direction of the thin
films. Nevertheless, due to the near cubic structure of
these heavily doped STO films (bulk STO is cubic), it
is reasonable to assume that the thermal conductivity
anisotropy is negligible.
To put our thermopower data in perspective, we have
plotted our thermopower values at 300 K over the whole
carrier concentration range with the values of Okuda et
al.3 in Fig. 3. It is important to note that there is little
or no effect of oxygen vacancies in increasing the ther-
4FIG. 3. Thermopower values at 300 K for various La doping
and growth pressures are plotted against their respective car-
rier concentrations. The open circles are data from Okuda et
al.3 showing good agreement with our data.
mopower, contrary to what we expected due to band
engineering. If the tetragonal distortion is not strong
enough to alter the crystal field split bands, we may not
see the effect of band engineering at all, particularly with
increasing temperatures, due to thermal broadening the
effect of tetragonal distortion shall decrease. Any esti-
mate of the energy scales and concentration of vacancies
required to see a desirable effect will need in-depth first
principle calculations and is beyond the scope of this cur-
rent study.
The derived power factor (S2σ) and the dimensionless
figure of merit, ZT are shown in Fig. 4. At room temper-
ature 5% La doped sample showed the highest ZT ∼ 0.18
but the highest ZT of 0.28 was observed at 873 K for the
15% La doped sample at 873 K. Recently, several authors
have reported high ZT in bulk STO using forming gas
reduction with La doping (ZT=0.21 at 750 K),8 Dy and
La co-doping (ZT=0.36 at 1045 K),23 and Dy and Nb co-
doping (ZT=0.24 at 1273 K).24 Our results are as high
as the values reported by these groups in the reported
temperature range.
C. Galvanomagnetic properties
Fig. 5 shows the derived carrier concentration and Hall
mobility for two sets of samples. The samples had either
the same growth pressure (10−8 Torr) with different La
doping (0, 5 and 15%) as shown in Fig. 5(a)&(b)) or con-
stant La doping (15%) with different growth pressures of
10−3, 10−7 and 10−8 Torr as shown in Fig. 5(c)&(d)).
In all cases, the carrier concentration remained constant
over the measured temperature range. No hysteresis was
observed in all the measured properties over 2-3 mea-
surement cycles, suggesting excellent stability of oxygen
FIG. 4. The power factor (S2σ) and ZT for the films shown
in Fig. 2.
FIG. 5. The carrier concentration and Hall mobility for (a)
films grown at 10−8 Torr with different La doping such as
0, 5, 15 % and (b) films grown with 15% La doping grown
at different pressures such as 10−3, 10−7 and 10−8 Torr. The
mobility data was fit using power law as described in the text.
vacancies present in the films. It is evident that oxygen
vacancies play a significant role in modulating the carrier
density in the films, as much as the La doping does.
In all cases the temperature dependent mobility was
fitted using a power law model as described below.
µ = AT−n (1)
where, A is the prefactor and n is the power law expo-
nent. The power law exponent reported in the literature
varies from 1.5–2.7 over a temperature range of 100–1300
K. Tufte et al.25 reported an exponent of 2.7 around 100–
400 K. Uematsu et al.26 observed an exponent of 2.0 over
a temperature range of 500–1000 K. Moos et al.27 noted
a change in the exponent from 2.7 close to room tem-
5FIG. 6. The mobility power law exponent as a function of
carrier concentration. The represented carrier concentration
value is averaged over the whole temperature range for our
data. The exponents reported in the literature are also given
for reference.
perature to 1.6 above 1000 K. Unlike these observations,
Ohta et al.7 reported an exponent of 1.5 over 300–1000
K and correlated the behavior to phonon scattering as
observed in classical semiconductors28.
Previous studies found no dependence of the exponent
on the carrier concentration. We observed a systematic
change in the power law exponent as a function of car-
rier concentration in our samples as depicted in Fig. 6.
We observe a change in the power law exponent from ∼
1.5 to ∼ 1.0 as the carrier concentration increases. It is
important to note that the carrier concentrations of the
samples used in the prior work were atleast an order of
magnitude lower than our highest carrier concentration.
In a classical semiconductor, the power law exponent for
acoustic/optical phonon scattering changes from 1.5 to
1.0 with a change from non-degenerate doping to fully
degenerate doping.28
IV. SUMMARY
In summary, we have studied the thermoelectric and
galvanomagnetic response of thin films of La and oxy-
gen vacancy doped SrTiO3. Even though the films show
very similar electrical properties compared to bulk La or
oxygen vacancy doped STO crystals, the thermal prop-
erties differ in the form of low thermal conductivity close
to the room temperature. At the heavy doping limit,
as was investigated in this manuscript, we found no ef-
fect of the defect band or band engineering due to the
oxygen vacancies on thermopower but oxygen vacancies
do provide additional itinerant carriers to the conduction
band. Most notably, we have performed all thermoelec-
tric measurements on thin films of STO and the highest
figure merit achieved was ∼ 0.28 ± 0.08 at 873 K.
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